The H275Y amino acid substitution of the neuraminidase gene is the most common mutation conferring oseltamivir resistance in the N1 subtype of the influenza virus. Using a mathematical model to analyze a set of in vitro experiments that allow for the full characterization of the viral replication cycle, we show that the primary effects of the H275Y substitution on the pandemic H1N1 (H1N1pdm09) strain are to lengthen the mean eclipse phase of infected cells (from 6.6 to 9.1 h) and decrease (by 7-fold) the viral burst size, i.e., the total number of virions produced per cell. We also find, however, that the infectious-unit-to-particle ratio of the H275Y mutant strain is 12-fold higher than that of the oseltamivir-susceptible strain (0.19 versus 0.016 per RNA copy). A parallel analysis of the H275Y mutation in the prior seasonal A/Brisbane/59/2007 background shows similar changes in the infection kinetic parameters, but in this background, the H275Y mutation also allows the mutant to infect cells five times more rapidly. Competitive mixed-strain infections in vitro, where the susceptible and resistant H1N1pdm09 strains must compete for cells, are characterized by higher viral production by the susceptible strain but suggest equivalent fractions of infected cells in the culture. In ferrets, however, the mutant strain appears to suffer a delay in its infection of the respiratory tract that allows the susceptible strain to dominate mixed-strain infections.
I
n 2009, the World Health Organization (WHO) declared the first influenza pandemic of this century and described the virus (H1N1pdm09) as naturally resistant to adamantanes but susceptible to the neuraminidase (NA) inhibitors oseltamivir and zanamivir (10, 29) . In the past 3 years, isolated cases of oseltamivir resistance in H1N1pdm09 strains have been reported-almost always associated with the H275Y mutation within the NA genebut the overall level of resistance has remained relatively low (42) at ϳ1% in the United States (47) , Ͻ1% in Canada (40) , ϳ2.5% in Europe (14, 26) , and Ͻ1.6% worldwide (26) . In the United States, the fraction of cases of resistance not associated with oseltamivir exposure increased significantly from 11% in the 2009-2010 season to 75% in the 2010-2011 season (47) . A few small clusters of oseltamivir resistance cases not associated with treatment and likely involving transmission of H1N1pdm09 mutant (MUT) strains have been reported in Europe (20, 32) , Australia (25, 27) , and Vietnam (34) . The pandemic strain completely displaced the prior seasonal H1N1 strain (A/Brisbane/59/2007), which, in the 2008-2009 season, was nearly 100% resistant to oseltamivir (11, 18) . That dominance of an oseltamivir-resistant H275Y MUT strain was surprising at the time because it had been shown that the mutation usually compromised strain fitness (30) . A return to widespread oseltamivir resistance, with a mutated H1N1pdm09 virus, could have significant public health consequences (19) .
Laboratory experiments have often been used to assess a particular influenza virus strain's phenotype in cell culture and animal models, particularly in relation to oseltamivir resistance. Prior to 2007, experiments demonstrated strongly attenuated growth of H275Y MUT strains of H1N1 in vitro (1, 21) , a higher viral titer inoculum required for the infection of ferrets (21, 30) , and generally less-pathogenic infections in ferrets, quantified by reduced fevers and smaller inflammatory cell counts in nasal washes (30) . This mirrored the seasonal epidemic situation at the time, in which oseltamivir resistance emerged almost exclusively under drug pressure and in immunocompromised patients (3) . Thus, the subsequent dominance of the A/Brisbane/59/2007 (H1N1) H275Y MUT strain in 2007-2008 and 2008-2009 came as a surprise. Since its emergence, however, the strain has been found to have a replication capacity in vitro equivalent to or greater than that of its susceptible counterpart (5) and to produce comparable infections in ferrets (28, 35) . Experiments with small numbers of animals (n Յ 5) have been unable to demonstrate a difference in transmission efficiency between the susceptible and resistant strains (2, 28) . A recent experiment with a larger population of guinea pigs (n Х 20) did show a significantly more rapid transmission of the resistant strain but did not find significant enhancement of the transmission frequency (8) . Studies in vitro determined that the fitness of the A/Brisbane/59/2007 MUT strain was likely associated with its prior acquisition (between 1999 and 2006) of permissive mutations of the NA gene, which increased both the activity and the surface expression of NA (6) . The reversion of one such permissive mutation, R222Q, in A/Brisbane/59/ 2007 NA was found to reduce viral production in infected ferrets (2) .
Laboratory characterization of the effect of the H275Y mutation in the H1N1pdm09 background has yielded mixed conclusions. Unlike the growth of pre-2007 seasonal H1N1 strains, that of the H1N1pdm09 H275Y MUT (H1N1pdm09-MUT) strain is not severely compromised in vitro or in ferrets (9, 12, 15, 31) . Contact transmissions of H1N1pdm09-MUT between ferrets have been successful in all of the experiments reported (15, 16, 35, 38, 45) . The results concerning airborne transmission, however, have been mixed, with some studies finding comparable (45, 46) or nonsignificant differences (12) in efficiency and others finding that H1N1pdm09-MUT was transmitted less efficiently (16) (P ϭ 0.04, two-tailed Mantel-Cox test; M. É. Hamelin, personal communication) or suffered a delay with respect to the susceptible strain (31) . Concise reviews of this prior work can be found elsewhere (7, 26, 42) . Thus, current laboratory experiments provide little consistent evidence regarding factors that might influence the circulation of H1N1pdm09-MUT.
In this report, we make two contributions to the understanding of the fitness of H1N1pdm09 strains. First, we introduce a method to fully quantify the basic components of the viral replication cycle (e.g., the length of the eclipse phase and viral infectivity) in vitro. By considering a set of complementary experiments which highlight different aspects of viral replication, we were able to extract values for each quantitative measure with narrow confidence intervals (CIs) by using a mathematical model. This new quantitative characterization replaces generic, experiment-specific, descriptions of strain replication (e.g., attenuated growth, reduced fitness in vitro) with meaningful fundamental quantities representing the interaction of the virus with cells. We apply this method to translate subtle differences in the observed in vitro virus dynamics of H1N1pdm09-WT and H1N1pdm09-MUT into reliable quantitative estimates of the differences in replication induced by the H275Y mutation in the 2009 strain genetic background. We also characterize the effect of this mutation in the A/Brisbane/59/2007 (H1N1) strain background and perform a comparative analysis.
Second, we assessed the relative replication capacities of the two H1N1pdm09 strains by performing competitive mixed-infection experiments in vitro and in ferrets. While an infection with a pure inoculum demonstrates how each strain fares individually in separate hosts, a competitive infection with a mixed inoculum reveals which of the two strains would overtake the other when infecting the same host while competing for a shared pool of susceptible cells. Our model correctly predicts the dynamics of H1N1pdm09 mixed infections in vitro, without any additional assumptions or parameters, verifying the effectiveness of our method in characterizing each strain and predicting the outcome of their interactions. In vitro, in mixed infections with a 50:50 inoculation ratio, each strain infects the same number of cells, suggesting that they have equivalent fitness, whereas mixed infections of ferrets suggest a potential replicative advantage for the susceptible strain.
MATERIALS AND METHODS
Ethics statement. All procedures were approved by the Institutional Animal Care Committee at Laval University according to the guidelines of the Canadian Council on Animal Care (permit 2011055-1).
Viruses. The wild-type (WT) pandemic H1N1 influenza virus strain (H1N1pdm09-WT) used for all experiments-except those performed for confirmation of the analysis-was the first to be isolated in Québec City, Canada (A/Québec/144147/09; GenBank accession numbers FN434457 to FN434464); its NA H275Y MUT (H1N1pdm09-MUT) differs from the WT by only a single nucleotide in the NA gene. Recombinant H1N1pdm09-WT and H1N1pdm09-MUT viruses were rescued by reverse genetics as described previously (39) . The natural isolates of H1N1pdm09 used to confirm the analysis of the recombinant strains were recovered from a boy (niWT, A/Québec/147023/09; GenBank accession numbers FN434440 to FN434447) and his father (niMUT, A/Québec/ 147365/09; GenBank accession numbers FN434448 to FN434456) who had been placed on oseltamivir prophylaxis and have been described previously (4). The A/Brisbane/59/2007-like WT and MUT H1N1 virus strains are also each natural isolates (A/Québec/15230/08 and A/Québec/ 15349/08, respectively) described previously (24) .
The exponential rate of viral infectivity loss, c, was determined for each H1N1pdm09 strain by a mock-infection assay (Fig. 1) . Known titers of the H1N1pdm09-WT and H1N1pdm09-MUT viruses were incubated in separate wells with maintenance medium (but without cells) at 37°C in 5% CO 2 ; experiments (performed in triplicate) were terminated at 24, 48, and 72 h to determine the remaining infectious titers. The fitted decay rates were found to be identical for the two strains, c ϭ 0.13 h Ϫ1 (95% CI, 0.11 to 0.15), corresponding to a virion infectivity half-life of 5.2 h.
In vitro replication experiments. For both multiple-cycle (MC) and single-cycle (SC) viral yield experiments, ST6GalI-transfected MadinDarby canine kidney (MDCK␣2,6) cells, which overexpress ␣-2,6 sialic acid receptors, were used (17) . For the SC experiment, confluent cells in 12-well plates were infected with an inoculum of 4 ϫ 10 6 PFU, representing a multiplicity of infection (MOI) of 4. Supernatants were harvested every hour for the first 10 h and then every 2 to 3 h until 18 h postinfection. For the MC experiment, cells were infected with 50 PFU (MOI ϭ 5 ϫ 10 Ϫ5 ) of pure H1N1pdm09-WT or H1N1pdm09-MUT recombinants (39) or one of three WT-MUT mixtures, 80:20, 20:80, or 50:50. Supernatants were collected every 12 h until 72 h postinfection in three independent experiments with three replicates each. Additional measurements at different time points were made in triplicate in the pure-population MC experiments. Supernatants were stored at Ϫ80°C until their use for RNA isolations, real-time RT-PCR, and/or viral titration by standard plaque assay on MDCK␣2,6 cells.
RNA extraction. Total RNA was isolated from 200 l of each thawed specimen or culture using the robotic MagNA Pure instrument and the MagNA Pure LC total nucleic acid isolation kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions, with a total elution volume of 50 l. Isolated RNA was stored at Ϫ80°C.
NA gene H275Y discriminatory real-time RT-PCR assay. To discriminate between WT and oseltamivir-resistant strains of H1N1pdm09, a modified version of a real-time reverse transcription (RT)-PCR method reported by van der Vries et al. (48) was used. This technique requires reverse (panN1-H275-sense 5=-CAGTCGAAATGAATGCCCCTAA-3=) and forward (panN1-H275-antisense 5=-TGCACACACATGTGATTTCACTAG-
FIG 1
Mock-infection experiment to determine viral infectivity loss rate.
H1N1pdm09-WT (squares, black) and H1N1pdm09-MUT (triangles, gray) viruses subjected to the physical conditions of the in vitro experiments (37°C, 5% CO 2 ) lose infectivity exponentially at the same rate, c WT ϭ c MUT ϭ 0.13 h Ϫ1 , corresponding to a virion infectious half-life of 5.3 h. 3=) primers for both the WT and H275Y MUT viruses and two labeled, allelespecific probes, panN1-275H-probe (5=-TTATCACTATGAGGAATGA-6-carboxyfluorescein [FAM]/BHQ-1) and panN1-275Y-probe (5=-TTATTAC TATGAGGAATGA-HEX/BHQ-1, where underlining indicates locked nucleic acids). The discrimination properties of specific probes are due to locked nucleic acids which contain the single nucleotide polymorphism of interest at the 5= end and increase melting temperatures, thus allowing the probe to be shorter with increased discriminatory capacities. The limit of detection is 50 copies for the MUT (H275Y) target and 10 to 50 copies for the WT target.
The one-step RT-PCR mixture was prepared in a 25-l reaction volume containing 6.25 l of TaqMan Fast Virus 1-Step Master Mix (Applied Biosystems, Foster City, CA), 0.8 l of both the reverse and the forward primers, 1.0 l of each probe, and 4.0 l of RNA extract. The amplification process was performed in a LightCycler 480 real-time thermocycler (Roche) under the following cycling conditions: 60°C for 30 min (RT) and 95°C for 5 min (DNA polymerase activation), followed by 45 cycles of 95°C for 20 s (denaturation) and 62°C for 1 min (annealing). One reaction was performed for each sample with the WT and the H275Y probes and the common reverse and forward primers. Data acquisition was performed with both FAM and HEX filters during the annealing/extension step.
Ferret experiments. Four groups of four seronegative male ferrets (12 to 18 weeks old, 900 to 1,500 g) (Triple F Farms, Sayre, PA) housed in individual cages were anesthetized with isoflurane and received, by intranasal instillation, 250 l (125 l/nare) of phosphate-buffered saline (PBS) containing 10 5 PFU of H1N1pdm09-WT or H1N1pdm09-MUT as a pure population or a mixture of the two (WT/MUT ratio, 20:80 or 50:50). Ferrets were weighed and their temperatures were measured (by rectal thermometer) every day until 14 days postinfection (dpi). Ferrets were also observed for possible signs of infection such as sneezing, reduced activity, and reduced interest in food. However, a particular scoring system-such as that developed by Reuman et al. (43) for measuring the nasal discharge and the activity level of ferrets-was not used. Nasal wash samples were collected every 12 h until 72 h postinfection and subsequently on a daily basis until 7 dpi by instillation of 5 ml of PBS into the external nares of the animals. Samples were stored at Ϫ80°C until use for RNA isolation and real-time RT-PCR or for viral titration by standard plaque assay with MDCK␣2,6 cells. Serum samples were collected from each ferret before intranasal infection and on day 14 to evaluate levels of specific antibody against H1N1pdm09 by using standard hemagglutination inhibition (HI) assays. The animal procedures were conducted at biocontainment level 2ϩ in accordance with the animal experimentation guidelines of the Centre Hospitalier Universitaire de Québec.
Mathematical model. Viral yield experiments (SC and MC) were simulated by using the following multicompartment ordinary differential equation (ODE) model:
which describes the infection of a population of N susceptible target cells (T) at a rate (␤V PFU ) proportional to the concentration of infectious virions (V PFU ). Newly infected cells first undergo an eclipse phase (E) of average duration E before becoming infectious (I) and producing virus at a constant rate p for an average time I . The two variables V PFU and V RNA represent the infectious (number of PFU/ml/h) and total (number of RNA copies/ml) virus concentrations, whose kinetics are controlled by the virus production rate (p in number of RNA copies/m/h), the conversion factor between virus produced and virus observed by titration ( in number of PFU/RNA copy), the rate at which infectious virus lose infectivity (c), and a rate of virus particle loss (c R ). The quoted production rate per cell, p RNA , is equal to p times the supernatant volume (0.5 ml) divided by the number of cells in the culture (10 6 ). In previous work, we have shown that the assumption that cells spend an exponentially distributed amount of time in the eclipse or infectious phase-implicit to the simpler, n I ϭ n E ϭ 1, ODE models-is unrealistic (22, 23) . This is because exponentially distributed durations for these phases imply that cells can immediately begin viral production upon infection, can cease viral production immediately after it is initiated, and can produce virus indefinitely. To impose more biologically realistic conditions on the time spent by a cell in the infected phases, we subdivided each phase using n E (or n I ) equations, such that these times are gamma distributed with a mean of E (or I ) and a standard deviation of
When simulating competitive mixed-infection experiments, the infection of target cells was determined by
where V PFU WT and V PFU MUT are the concentrations of the WT and H275Y MUT strains, respectively, and a different rate constant, ␤, was assumed for infection by each strain. By prohibiting the coinfection of cells, two parallel instances of the remaining equations in the ODE model described above, one for each strain, were used to completely describe the dynamics.
To determine the in vitro infectivity of a particular strain, we used the infecting time, t infect ϭ ͙ 2⁄͑p␤͒, which is the amount of time required for a single infectious cell to cause the latent infection of one more, within a completely susceptible population (24) . Strains with a shorter infecting time have a higher infectivity. The basic reproductive number, R 0 , defined as the number of cells secondarily infected by a single infectious cell in a completely susceptible population, was calculated numerically for each set of extracted parameter values. Best-fit values and the statistics of derived quantities-including the RNA viral burst size, b ϭ p RNA ϫ I , and the number of infectious units per particle, R 0 /b-were calculated by using the other extracted parameter values for each fit. A number of parameter values were fixed in all simulations. The rate at which infectious H1N1pdm09-WT and H1N1pdm09-MUT virions lose infectivity was determined independently in mock-infection experiments (described above) and was fixed at a value of c ϭ 0.13 h Ϫ1 . Sensitivity analysis of the model (not shown) showed that the standard deviation of the infectious life span was not identifiable. We therefore fixed n I ϭ 100 ( I ϭ 4 h when I ϭ 40 h). A constant delay of virus production for cells infected in the simulated inoculation period (1 h prior to t ϭ 0) was required for the simulation of MC experiments; this was fixed at 12.3 h for both strains. Finally, the rate of infectious virus production in simulations of the SC experiment was allowed to differ from that of the MC experiment and was effectively fixed by the normalization of the SC experimental data to unity. This normalization was necessary to avoid the confounding effects of defective interfering particles, which can cause highly variable virus levels in high-MOI infections (24, 36) .
Regression and statistics. Nonlinear least-squares regression of the model to the SC and MC viral yield data sets simultaneously was performed by using the Octave 3.2.4 (www.octave.org) implementation of the Levenberg-Marquardt algorithm, leasqr. In this analysis, parameter values were assumed to be the same for the two experiments but initial conditions were adjusted to reflect the experimental preparations; the 1-h experimental infection of cells (which produced an MOI of 4 for the SC and 50/10 6 for the MC) was numerically simulated such that the desired MOI and a small residual amount of virus were present at t ϭ 0. Fit residuals were sampled with replacement (within each experiment type) to produce 1,000 bootstrap replicates of the data sets (13) , from which 95% CIs were determined for the extracted parameter values. The significance level (P value) for the difference in estimated parameter values between the two (WT and MUT) strains was determined by a two-sided Z test, with variance values taken from the bootstrap-derived parameter values. Specifically, for a particular parameter ⌰ (e.g., the mean eclipse calculated directly from the bootstrap-derived values for the WT and MUT strains, was assumed to have the standard normal form. When the distributions of bootstrap values for each strain were better described as lognormal (i.e., for the mean eclipse phase, the production rate per cell, the viral burst size, the basic reproductive number, and the number of infectious units per particle), the above analysis was performed on the log of the parameter instead.
RESULTS

Quantification of the H1N1pdm09 replication cycle in vitro.
The method we introduce here enables the independent quantification of each of the fundamental phases of viral replication within a cell, i.e., infection, a period of eclipse (latent infection), virus production, and virus-induced cell death. This is achieved by analyzing parallel SC and MC viral yield experiments performed for each H1N1pdm09 strain (H1N1pdm09-WT or H1N1pdm09-MUT) under the same experimental conditions (see Materials and Methods). The SC experiment, in which the cell culture is infected with a large inoculum (MOI ϭ 1), allows the characterization of the eclipse phase due to the synchronized infection of nearly all of the cells (22) . The MC experiment, in which the cell culture is infected with a much smaller inoculum (MOI Ӷ 1), provides a complementary picture, highlighting the progressive consumption of susceptible cells through an exponential increase of the virus. We fitted the ODE model (described above) to the SC and MC data sets simultaneously ( Fig. 2A) and determined values for the relevant viral kinetic parameters for each H1N1pdm09 strain (Table 1 and Fig. 2B ).
The H275Y amino acid substitution caused a significant change in a number of quantitative measures of the infection cycle. The mean eclipse phase for H1N1pdm09-MUT was significantly longer (9.1 h versus 6.6 h for H1N1pdm09-WT; P ϭ 0.013), and the viral production rate per MDCK␣2,6 cell was significantly reduced (from 2,200 to 370 RNA copies/h; P ϭ 0.004). The difference in the eclipse phase can be seen directly in the SC data, as a longer delay of H1N1pdm09-MUT viral titer growth. The ratio of the production rates can also be approximately determined directly from the data by taking the ratio of the peak RNA virus levels in the MC experiment (this follows by setting V · RNA equal to 0 in the ODE model, assuming that the WT and MUT values of c R are approximately equal-their fitted values were 0.07 and 0.08 h Ϫ1 , respectively-and assuming that all cells are infectious at the time of viral peak). In the MC experiment ( Fig. 2A, bottom) , this ratio was ϳ6, matching the ratio of viral production rates determined above. The higher viral production rate of H1N1pdm09-WT is an important fact to consider when analyzing the competitive mixedinfection results presented below.
The average infectious life span of an MDCK␣2,6 cell (the amount of time for which it produces virus) approximately determines the width of the MC viral titer (PFU) curve and the length of its plateau (seen in the PFU data between 42 and 72 h) where virus production is balanced by the loss of virion infectivity. We determined infectious cell life spans of 49 h for H1N1pdm09-WT and 41 h for H1N1pdm09-MUT (P ϭ 0.24). Additionally, by multiplying the infectious life span by the viral production rate per cell, we can obtain the viral burst size for each strain, i.e., the total number of virions produced by an infected cell. The burst size was found to be significantly larger for H1N1pdm09-WT (1.1 ϫ 10 5 versus 1.5 ϫ 10 4 RNA copies; P ϭ 0.001). We quantified the infectivity of a virus strain by its infecting time, which is defined as the amount of time required for a single infectious cell to cause the infection of one more cell in a completely susceptible population (see Materials and Methods). This measure therefore depends on both the rate at which virions are produced by cells and the relative infectivity of these virions. The estimated infecting times were 31 min for H1N1pdm09-WT and 22 min for H1N1pdm09-MUT (P ϭ 0.35). To estimate the proportion of infectious virions produced by each strain, we numerically calculated the basic reproductive number, which is defined as the number of secondary infections caused by a single infectious cell. By this definition, the number of infectious units per RNA particle is therefore equal to the basic reproductive number divided by the viral burst size. Like the infecting time, the basic reproductive number was not significantly different for the two strains. We found, however, that the infectious-unit-to-particle ratio was 12 times higher (P ϭ 0.031) for H1N1pdm09-MUT. Thus, while H1N1pdm09-WT-infected cells produce a larger number of virions than H1N1pdm09-MUT-infected cells, the higher infectivity of H1N1pdm09-MUT virions compensates for this discrepancy such that infectious virions are produced by cells at equivalent rates (34 h Ϫ1 for the WT versus 72 h Ϫ1 for the MUT; P ϭ 0.33).
To verify that our findings generalize to other H1N1pdm09 backgrounds, we reproduced the SC and MC viral yield experiments with a WT-MUT strain pair of H1N1pdm09 natural isolates (Fig. 3) . A good fit to the data from the pair of natural isolates (niWT and niMUT) was obtained by using the key parameter values determined for the recombinant pair. This serves as both a qualitative and a quantitative confirmation of the effect of the H275Y mutation on the replication kinetics of H1N1pdm09, presented above. Table 2 . A comparison of the results to those obtained with H1N1pdm09 are presented in Fig. 4 .
It is clear that the H275Y mutation has a similar effect in the A/Brisbane/59/2007 strain background. In particular, the mean eclipse phase is significantly longer for the MUT strain (P Ͻ 0.001). One notable distinction, however, is that there is a signif- 
Competitive mixed-infection experiments in vitro.
To observe the effects of strain-specific parameter differences in direct competition, we performed competitive mixed-infection experiments with the two H1N1pdm09 strains in vitro. MDCK␣2,6 cells were infected with a mixture of the virus strains at three WT/MUT ratios, 80:20, 20:80, and 50:50, adding up to a total inoculum of 50 PFU (MOI ϭ 50/10 6 ϭ 5 ϫ 10 Ϫ5 ). The mathematical model was adjusted to allow for two virus strains, under the assumption of no coinfection of cells; a cell can be infected by either the WT or the MUT strain, but once infected by one strain, it is no longer available for infection by the other strain. This allowed us to simulate the mixed-infection experiments by using the previously extracted parameter values for each strain without any additional assumptions or parameters. The results of these experiments, along with the virus and infected-cell values predicted by the model, are shown in Fig. 5 . Generally, the model predictions matched the experimental values very well. This success of the model at predicting the results of an independent set of experiments lends weight to the validity of the extracted values of the infection kinetic parameters for each strain. In terms of total virus produced, the H1N1pdm09-WT strain shows a clear dominance in the mixed-infection results. At the 50:50 infection ratio, for example, the H1N1pdm09-WT virus counts are significantly larger than the H1N1pdm09-MUT values for all but the first two time points (P Ͻ 0.05; rank-sum test). The model prediction for the infected-cell fractions, however, suggests that the H1N1pdm09-MUT strain infected a larger fraction of the available cells. Taking into account the 95% CI found above for each parameter, this difference in the fractions of cells infected by the two strains is not significant, i.e., at the 50:50 infection ratio, the model predicts that each strain infects approximately half of the cells. This is consistent with our previously extracted parameters; if the H1N1pdm09-WT strain infects the same number of cells as the H1N1pdm09-MUT strain, it will produced a larger proportion of the total virus because of its ϳ6-fold higher viral production rate. The infection of an equal fraction of the cell culture would also be consistent with the similar basic reproductive numbers determined for the two strains.
Pure and competitive infections of ferrets. To directly compare the replication capacities of the H1N1pdm09 viruses in vivo, four groups of four ferrets were infected with 10 5 PFU of pure strain H1N1pdm09-WT or H1N1pdm09-MUT or a mixture of the two at a WT/MUT ratio of 50:50 or 20:80. A slight weight loss of 4 to 6.5% was observed at 2 dpi, but there was no statistically significant difference in body weight among the four groups of ferrets (data not shown). Ferrets had similar temperature profiles and did not show marked differences in other clinical parameters, such as lethargy, sneezing, or interest in food. These observations are similar to those of previous ferret infection studies with H1N1pdm09 (29, 35) , as well as studies with A/Brisbane/59/2007-like strains (28, 35) and pre-2007 strains (30) . Specific antibodies against H1N1pdm09 were not found in the serum collected before intranasal infection (Ͻ10), but all of the ferrets had developed HI antibodies against the virus at 14 dpi.
Nasal washes, collected every 12 h for 72 h and subsequently daily until 7 dpi were analyzed by real-time RT-PCR and viral titration (Fig. 6) . Peak viral shedding in all experiments occurred between 48 and 60 h postinfection. Infections with the H1N1pdm09-WT and H1N1pdm09-MUT strains individually (pure populations) were quite similar; e.g., the peak viral RNA and PFU values were identical for the two strains and the decay of virus following the peak was similar (Fig. 6, left) . Notably, however, the initial virus increase and the peak value of H1N1pdm09-WT preceded those of H1N1pdm09-MUT by approximately 12 h (the MUT virus population was significantly smaller than that of the WT at 24 and 36 h in terms of both RNA and PFU values; P ϭ 0.03 [rank-sum test]). In the 50:50 mixed infections, the H1N1pdm09-WT viral RNA copy number was significantly higher at the peak (P ϭ 0.03) and at most other time points. Additionally, the H1N1pdm09-WT virus RNA copy numbers in each mixture were only slightly reduced compared to those in the pure H1N1pdm09-WT infection, while nearly all H1N1pdm09-MUT values were significantly lower than the pure-population infection values. There were no significant differences between the peak nasal wash viral titers (PFU values) in the pure infections and the 80:20 mixture, but the peak titer was significantly lower (P ϭ 0.05) for the 50:50 mixture (Fig. 6, bottom row) .
DISCUSSION
We performed a set of in vitro and ferret infection experiments, with analysis using a mathematical model, to characterize the specific quantitative effects of the H275Y NA mutation on the infection kinetics of the pandemic H1N1 virus (H1N1pdm09) in the absence of treatment with oseltamivir. We found that the H275Y mutation caused a significant increase in the length of the eclipse phase and a significant reduction in the RNA viral output per MDCK␣2,6 cell in vitro. The decrease in viral production, however, appears to be compensated for by an increased number of infectious units per MUT virion produced, yielding equivalent infectious-virus production rates, infecting times, and basic reproductive ratios for the two strains. In the analysis of the prior seasonal strain, A/Brisbane/59/2007 (WT and MUT), a similar increase in the eclipse phase length was found for the MUT strain. But in the A/Brisbane/59/2007 background, we found that the H275Y mutation also resulted in a significant decrease in the infecting time and a significant increase in the basic reproductive ratio which could have contributed to the widespread dissemination of the oseltamivir-resistant strain in the population. In mixed infections with equal inocula in vitro, the H1N1pdm09-WT strain produced more virus than H1N1pdm09-MUT but likely infected an approximately equal fraction of the cell culture. Infections of ferrets with pure populations of the two virus strains were similar, but mixed infections suggest a replicative advantage for the H1N1pdm09-WT strain.
In general terms, the replication capacity of a particular strain can be considered a balance between the infectivity of the strain (how much virus is produced by infected cells together with how infectious each virion is) and the delay in its growth. In this sense, the longer eclipse period we have found for H1N1pdm09-MUT in MDCK␣2,6 cells should be seen as reducing its replicative fitness in vitro, since any delay will reduce its ability to infect cells. A shorter infecting time for the MUT strain could potentially yield a compensatory effect, but no significant difference was found for the two H1N1pdm09 strains. The basic reproductive numbers of the two strains were also found to be statistically equivalent. In the analysis of the prior seasonal strain, A/Brisbane/59/2007, we found that the eclipse period was similarly lengthened by the H275Y mutation but that the infecting time of the MUT strain was significantly shorter and its basic reproductive number was significantly larger, suggesting a potentially more advantageous balance between infectivity and delay in that background.
The changes in the infection kinetic parameters which we determined in vitro are consistent with the physical changes caused by the H275Y mutation. The conformational change in the NA structure which prohibits efficient bonding with oseltamivir might also impair the function of the NA itself. Reduced affinity for the substrate (i.e., increased K m ) in enzymatic-activity assays is typical for H275Y MUT strains in general (41) and for H1N1pdm09-MUT in particular (9, 12) . This impairment would likely cause a delay in the release of progeny virus (a lengthened eclipse phase) and a reduction in the number of virions released from the surface of an infected cell (a reduction in viral production per cell). It is also known that the A/Brisbane/59/2007 strains have increased NA surface expression and activity (6) (relative to H1N1pdm09 and pre-2007 strains), which may lead to generally increased infectivity, consistent with our finding that both the WT and MUT A/Brisbane/59/2007 strains had shorter infecting times than H1N1pdm09-WT. A comprehensive visual analysis-using electron microscopy (29) or fluorescence techniques (33, 44) -of the budding process of H275Y MUTs in comparison with their WT counterparts could shed more light on the mechanism of both the lengthened eclipse period and reduced viral production that we have highlighted here and constitutes an important direction for future work.
The reduction in viral production which is evidently induced by the H275Y mutation allowed H1N1pdm09-WT to dominate the total viral production in competitive-mixture infections in vitro. We showed, however, that the observed difference between the total virus amounts produced at a 50:50 infection ratio was consistent with an equal number of cells being infected by each strain (given the higher rate of WT viral production per cell). This suggests that H1N1pdm09-MUT produces a larger proportion of infectious virus than H1N1pdm09-WT. Indeed, we found that the ratio of infectious units to virus particles was 12 times higher for the resistant strain; approximately 60 virions were produced for every successful infection by H1N1pdm09-WT, while only 5 were required per infection for H1N1pdm09-MUT.
In ferrets, experiments suggested a replication advantage for H1N1pdm09-WT over H1N1pdm09-MUT; while the peak viral RNA and PFU loads were identical for infections with either strain alone, the RNA viral load in competitive mixed infections at a 50:50 ratio was dominated by H1N1pdm09-WT. Comparing infections of ferrets with either H1N1pdm09-WT or H1N1pdm09-MUT alone reveals a potential mechanism for this dominance; while the peak RNA and PFU levels of H1N1pdm09-WT and H1N1pdm09-MUT were equal, there was a delay in the growth of H1N1pdm09-MUT virus RNA and PFU levels. Prior experimental infections of ferrets with H1N1pdm09 (12, 15, 31, 45, 46) have not been powered to demonstrate such a difference between the two strains because of less frequent nasal wash sampling and larger initial inocula. A delayed infection by the H1N1pdm09-MUT strain could be related to compromised NA action caused by the mutation (9, 12) . While the primary function of NA is to allow the release of progeny virions from a cell surface, a secondary function in vivo is to cleave sialic acid in the mucus layer, which aids virus penetration to the respiratory tract epithelium (37) . It is important to note in this context that while a certain ratio of WT to MUT virus in the infecting inoculum in vitro will result in that ratio of initially infected cells (because the ratio is prepared using titrations on the same culture of cells), this is not necessarily true in vivo. An important improvement of the method would allow titration of the inocula on a more relevant cell type, e.g., an ex vivo ferret tracheobronchial epithelium.
The strength of our competitive mixed-infection model over the analysis of infections with only pure populations of virus is that it closely mimics natural infections at the crucial moment where strain replacement might occur within a host (see also the recent analysis of A/Brisbane/59/2007 [28] ). While previous studies have assessed the replication efficiency of pure populations of H1N1pdm09-WT and H1N1pdm09-MUT in vitro and in ferrets (15, 31, 38) , most have found similar levels of virus production by the two strains (as we have found), suggesting similar replication capacities. Two recent studies did perform a mixed-infection experiment (12, 45) , one of which concluded that the replication capacities were equal (45) while the other found that H1N1pdm09-MUT growth was impaired (12) . An important extension of this line of research will be the analysis of mixed-population infections of animals undergoing oseltamivir treatment.
The method we have employed here (analysis of two complementary in vitro assays with a mathematical model) enables the extraction of the parameters which characterize viral replication for a given strain. Some of the extracted parameters (viral clearance rate, production rate, and eclipse phase length) can be seen directly in the experimental viral kinetic time course, providing validation of the method. But the strongest validation is the model's accurate prediction of the kinetics of the competitive mixedinfection experiments in vitro. We believe that this new approach to characterizing and quantitatively comparing strains has great potential. For example, it could be applied to characterize the effect of any single mutation by providing a quantitative understanding of the phenotypic differences introduced by the genotypic change. It could also be used to characterize the mode of action of a novel antiviral compound by quantifying the changes it introduces in each phase of viral replication.
